ADDITIoNAl. INDEX WORDS. pear, simple sequence repeat. genetic ABSTRACT. Edible european pears (Pyrus comnzunis L. ssp. co,nmunis) are derived from wild relatives native to the Caucasus Mountain region and eastern Europe. Microsatellite markers (13 loci) were used to determine the relationships among 145 wild and cultivated individuals of P. conmunis maintained in the National Plant Germplasm System (NPGS). A Bayesian clustering method grouped the individual pear genotypes into 12 clusters. Pyrus communis ssp. caucasica (Fed.) Browicz, native to the Caucasus Mountains of Russia, Crimea, and Armenia, can be genetically differentiated from P. communis ssp. pyraster L. native to eastern European countries. The domesticated pears cluster closely together and are most closely related to a group of genotypes that are intermediate to the P. communis ssp. pyraster and the P. comm unis ssp. caucasica groups. Based on the high number of unique alleles and heterozygosity in each of the 12 clusters, we conclude that genetic diversity of wild P. comntunis is not fully represented at the NPGS. Additional diversity may be present in seed accessions stored in the NPGS and more pear diversity could be captured through supplementary collection trips to eastern Europe, the Caucasus Mountains, and the surrounding countries.
Phenotypically. P. comniunis ssp. pyraster and P. comiminis ssp. caucasica are similar (Aldasoro et al., 1996) . These subspecies have been largely classified according to their geographical distribution. P. communis ssp. pvraster originates from areas west and south of the Black Sea such as the Balkan countries, Turkey and other European countries while wild forms of P. communis from areas around and east of the Caucasus Mountains (southwestern Russia, Crimea, Georgia. Armenia, and Azerbaijan) are classified as P. coinmunis ssp. caucasica (Fig. I) . P. nivali.s originates from Europe and Asia Minor. Selections and hybrids of P. iiis'aus species have been grown for hundreds of years throughout western Europe and especially in France and England for perry production (Challice and Westwood. 1973) . Taxonomist Alfred Rehder considered P. kor.shin,skvi Litv. (synonym P. bocharica Litv.) a related species of P. communis P. korshinski is native to central Asia arid may have arisen from hybridization between P. coinmunis and P. regelii Rehder (Rehder, 1940) .
Taxonomic studies of species within the genus PV-us L. show that differentiation is highly correlated with geographical origin. Using ordination analysis of morphological and cheniotaxonomic characters. Challice and Westwood (1973) refined the concept of differentiation among the east Asian, vest Asian, and European species and speculated on their phylogcnetic origin. The authors were able to distinguish between the western European P. corninunis types. east Asian pea pears [P. betulifolia Bge., P. ,ftzuriei Schneider, P. dimorphoph v/la (Mak.) Koidz.. P. caller-Yana Dcnc. 1 ' and larger-fruited east Asian pears I P. pvrifolia (Burm. f.) Nakai, P. hondoensis Kikuchi & Nakai. P. ussuriensis Maxim.] . The east Asian pears grouped with the wild European P. cordata (Desv.) Schneider, the wild north African P. longipes Henry. and the wild Asian P. pashia D. Don (Challice and Westwood, 1973) . While work was able to distinguish broad taxonomic boundaries among Asian and European Pvrus species, attempts at delineating the subspecies of P. communis that are most closely related to domesticated pear were not successful.
Microsatell ites have been used for cultivar identification within both Asian (P. pyrifolia) and European (P. conununis) pear species (Kimura et al., 2002 : Yamamoto et al.. 2002b , 2002c . In addition, many microsatellite loci show a high degree of synteny between apple (Malits Mill.) and Pvrus genomes (Yamamoto et al., 2001; Pierantoni et al., 2004) , facilitating the use of apple markers in pear and simplifying the process of mapping the pear genome : Hemmat et al., 2003 : Katayama and Uematsu, 2003 : Pierantoni et al., 2004 : Yamamoto etal.. 2001 . Pear genetic linkage maps are valuable for breeding programs (Yamamoto et al.. 2002a (Yamamoto et al.. , 2005 as well as population genetic studies of diversity.
This study is aimed at examining the differentiation and diversity of P. common/s ssp. pvraster and P. communis ssp. caucasica within an orchard collection at the National Plant Gerrnplasm System (NPGS) National Clonal Germplasm Repository (NCGR) in Corvallis. Ore. The purpose of this work is to describe the extent of P. comma/i/s genetic diversity collected from Asia Minor and eastern Europe and use these data for germplasm management including suggestions for future collecting trips.
Materials and Methods
PLANT MATERIALS. A total of 145 P communis individuals were used for this study. Exploration trips to eastern European and Caucasus regions have brought a diverse collection of wild P. communis clones and seeds to the United States. Much of this germplasm was channeled to the NCGR by H. Waterworth of the Plant Quarantine Station, Glenn Dale. Md., and M. Westwood, formerly a pomologist at Oregon State Univ. and is documented in the U.S. Dept. of Agriculture's Germplasm Resources Information Network (GRIN). Phenotypic and historical information for each individual is available by querying GRIN using plant introduction (P1) numbers listed in Table I Collectors gathered seeds of diverse materials from eastern Europe. J.L. Creech and D.H. Scott collected P communis seeds from trees in Moldova (formerly Moldavia. USSR) and Crimea, Ukraine (formerly USSR). T. van der Zwet published details of his collection trips to gather scions from named P. common/s cultivar trees and landraces in Serbia. Yugoslavia, Romania, Macedonia, Czech Republic. and Poland (van der Zwet et al., 1983, 1989) . T. Dimitrovski of the Univ. of Skopje. Macedonia, collected seeds from wild P communis trees from Leva Reka. Stip. and Gorna Bosava-Kavadarci, Macedonia in 1969 . 1971 , and 1972 . respectively, and provided cuttings to the NCGR in the 1980s. Additional P common/s seed collections were made in Turkey for M. Westwood by his colleague H. Olez in 1963 and in Kyrgyzstan by Maxine Thompson in 1994. Other individuals of P common/s selected for this project were unnamed largefruited types, rootstocks, and trees without specific collection localities, collected by M. Westwood and A. Rehder from the 1940s to 1960s. Collection details for individuals are provided in Table land Fig. I. PHENOTYPIC OBSERVATIONS. Many of the wild P. common/s trees in the NPGS are more than 30 years old. Subspecies designations were assigned by the curator (JD. Postman) using fruit and foliage characteristics as well as original geographic source data. Data were collected on fruit and leaves during the 2005 season at Corvallis, Ore. Quantitative phenotypic data included fruit size and peduncle length. Qualitative phenot ypic data was collected for fruit shape, russetting, lenticel size, leaf shape, and peduncle thickness.
MOLECULAR ANALYSIS. Duplicate samples of genomic DNA were isolated from young leaf tissue of 145 P common/s individuals using the PUREGENEkit (Gentra Systems, Minneapolis, Minn.). Thirteen microsatellite primers were selected from the literature ( Table 2 ). These markers were unlinked and produced a maximum of two bands per reaction. Forward primers, labeled with either IRD 700 or IRD 800, were obtained from MWG-Biotech (High Point, N.C.). Unlabeled reverse primers were purchased from Integrated Technologies (Coralvi lie, Iowa).
Polymerase chain reactions (PCR) were carried out in 15 iL total volume. For each reaction. 10 to 50 ng DNA template and 0.3 to 0.7 pM of primers were combined with 1.5 units Taq Polymerase (Promega, Madison,Wis.). IX Promega magnesium free buffer! 10 mm Tris-HC1, 50 mi KCI. and 0.1% Triton X-100 (Sigma. St. Louis), 0.25 mm MgCl, and 0.25 mm dNTP (Promega)]. PCR amplifications were carried out using a PTC200 thermocycler (MJ Research, Reno, Nev.) The PCR program had an initial denaturation step of 2 min at 95 °C followed by 30 cycles of 30 s at 95 °C. 30 s at the published primer-specific annealing temperature (Table 2) , 15 sat 72 °C and ending with a final extension step of 2 minat 72 °C. Completed PCR reactions were diluted 1: 1 in 95% formamide. 50 mm EDTA, bromophenol blue loading dye, and denatured at 95 °C for 3 mm. Gels (6.5% LI-COR KB Plus acrylamide; LI-COR. Lincoln, Nebr.) were run in 1X TBE (89 mm Tris, 89 mm boric acid. 20 mrvi EDTA) buffer for I h 45 minat 1500 V, 40 W. 40 mA. and 45 °C on a Li-COR 4200 DNA Sequencer (LI-CUR) Digital images were collected from the sequencer using LI-CUR Saga Gencration2 software and were manually analyzed using the Saga software. Alleles from replicate samples were examined at each locus, and when alleles for replicates were not identical, data for that locus were entered as "missing" in subsequent analyses. Allele sizes were calibrated by comparing values with data collected from P. pvrifolia (cultivar Hosui) and three Ma/us xdomestica Borkh. individuals (P1 590184. P1 588853, Fl 588850).
DATA ANALYSES. We used complimentary approaches to cluster, estimate diversity and display genetic differentiation in the set of pear individuals using SSR data. Initially a Bayesian clusterin analysis analysis was conducted using the software STRUCTURE (Pritchard et al., 2000) . This approach uses a model-based clustering algorithm to identify clusters of individuals that have distinctive allelic frequencies. Individuals are assigned to clusters based on their allelic frequencies without a priori information such as geographic origin or parentage. The model assumes k groups,linkage equilibrium among markers, and Hardy-Weinberg equilibrium within a group. The parameter k was determined by simulating a range of values of k and the posterior probability of each value was assessed. Posterior probabilities were estimated using a Markov Chain, Monte Carlo (MCMC) method based on 50.000 iterations of each chain following a 30,00() iteration burnin period. Each MCMC chain for each value of k (ranging from I Table I . Pvrus cwnmunis accessions maintained by the U.S. National Plant Germplasrn System (NPGS) that were included in SSR analyses have been organized by assigned cluster (as determined using Bayesian clustering analyses Table 3 . Descriptive information is provided for each of the 12 clusters of genotypes identified by Bayesian clustering analyses. Summary statistics are given for each cluster as a whole. Summary statistics include the number of individuals in each cluster (N). Net's gene diversity, the number of alleles unique to the identified cluster and the total number of alleles scored across all microsatell ite loci. Allelic richness is a scaled measure of allelic diversity that controls for cluster size. to 40) was run 10 times. The method allows for individuals with ancestry from more than one group. These individuals are fractionally assigned to multiple groups using a membership coefficient (Q) which sums to 1 across all groups. Individual assignments can vary across runs when there is a weak genetic basis for assigning an individual to a cluster. To address this variation, we ran 100 separate MCMC chains at the most probable value of k to look for similarity among assignments (Rosenberg et al., 2002) . Descriptive statistics, including variation between groups (F), and diversity within groups including Nei's gene diversity (Nei. 1987) , number of polymorphic alleles and allelic richness (El Mousadik and Petit, 1996) were estimated from genotypic data using the software package GDA (Lewis and Zaykin, 2001) and FSTAT (Goudet. 1995) . Pairwise F5 values were tested for significance using a permutation test. Analysis of molecular variance (AMOVA) was carried out using the software ARLEQUIN ver. 2.0 (Schneider et al., 2000) .
Groups were plotted as nodes in a minimum spanning network using MINSPNET, a module within ARLEQUIN (Schneider et al., 2000) using pairwise F, values as the distance metric. The network display has a number of advantages over a bifurcation tree structure, especially when the pedigrees of the individuals are reticulate (characterized by ancestral interspecific hybridization). The minimum spanning tree was manually drawn using computer outputs.
Results
Genotypic data were collected for 145 P. comnuinis individuals. Microsatellites provided between 9 and 33 alleles per locus ( Table 2) . A total of 235 microsatellite alleles were scored within the dataset.
PHENOTYPIC OBSERVATIONS. Morphological data were used in an attempt to differentiate individuals according to P. communis ssp. cominunis (domesticated), P. coinmunis ssp. pvraster (south and west of the Black Sea), and P. communis ssp. caucasica (north and east of the Black Sea) (Fig. 1) GENETIC ANALYSIS. Posterior probabilities of Bayesian clustering analysis across a range of k identified (k = 12) as the most probable clusters within the dataset. Among the subsequent 100 separate MCMC chains run with k = 12, individual assignments to groups were highly correlated (>0.85) among runs. All clusters showed varying degrees of admixture reflecting the relatedness of individuals (such as sibling collections) ( Table 3) . Sixteen individuals (11%) had membership coefficients, Q, less than 0.5. While the affinity of these individuals to their assigned cluster was low, their placement in a cluster reflects consistent assignments among runs and represents the best fit of the data. Phenotypic observations of fruit and leaf characteristics of these individuals revealed that seven of these 16 individuals exhibited large fruit or serrated leaf margins. Hybridization between wildtype P. communis and domesticated P. communis ssp. comniunis could result in large fruit, while hybridization between P. conununis and another Pvrus species (such as P. nivalis) could result in serrated leaf margins and low membership coefficients.
Genetic diversity data were calculated by cluster. Nei's gene diversity ranged from 0.49 to 0.74, revealing a high level of heterozygous individuals. Each of the 12 clusters identified was significantly differentiated with an average F value of 0.18. AMOVA results indicated that the within cluster variance component accounted for 82% of total variation, indicative of a highly variable, outcrossing species (Table 3) .
The numberof alleles represented across each of the 13 molecular markers was high (235), with most markers providing many diverse alleles. We used allelic diversity (El Mousadik and Petit, 1996) which employs a statistical scaling method to make direct comparisons among clusters composed of different numbers of individuals (N). In this data set, the sample size is set to the smallest cluster size where N = 4. Cluster B showed the hi ghest allelic diversity, followed by clusters G and J. Cluster size did not correlate to measures of genetic diversity. The largest cluster (cluster C with N= 38 individuals) had one of the lowest measures of allelic richness based upon Nei's gene diversity score (Table 3) .
CLUSTERING OF INDIVIDUALS. Outputs were used to create a minimum spanning tree that graphically displays the genetic differentiation among the 12 clusters identified in Bayesian analysis (Fig. 2) . Each node in the network corresponds to a particular clusterof genotypes. Distances between each connected cluster on the diagram represent F 1 values. Each node is displayed as a pie chart where node diameters correlate to the numberof individuals within the cluster (Fig. 2) Genetic analysis at 13 microsatellite loci revealed significant differentiation between the two wild subspecies considered the progenitors of the domesticated european pear. Morphological variation in fruit and floral characters did not distinguish these subspecies since the results were based on a limited number of characters. Moreover, the variation in trait values among wild populations for characters associated with domestication is often low and may be a poor predictor of genetic potential in these taxa (Tanksley and McCouch, 1997) .
Pyrus communis ssp. caucasica individuals from the Caucasus, Ukraine, and Armenia group together (Fig. 2, clusters C-F) and may represent the wild center of diversity for domesticated pear, Pyrus co,n,nunis ssp. communis. P yrus communis ssp. pyraster individuals fromTurkey, Macedonia and other European countries cluster separately in the network (Fig. 2 , clusters G-L). These individuals display a high level of diversity that could have partially arisen through gene flow and introgressive hybridization with cooccurring congeneric species found in Europe. The differentiation of P. co iminis ssp. pvraster from P. communis ssp. c'aucasica could result from human migrations from the Trans-Caucasia region through Turkey and into the Balkan region over thousands of years (Gamkrelidze and Ivanov. 1990 ). In some cases, open pollinated sibling individuals did not differentiate into the same cluster. This is not surprising since seeds could have been fertilized by pollen from highly diverse trees in the wild.
Some individuals do not clearly fit into any of the 12 identified clusters. Hybridization is prevalent in Pvrus and some of these individuals appear to have a hybrid lineage, as indicated by the presence of serrated leaves. Many of the wild pears, particularly of European origin, could be escapes from cultivation or hybrids between wild P. contmunis and native european pear species, such as P. nivalis (Aldasoro et al., 1996; Paganova, 2003) . More accurate determination of this would be possible with increased sampling in the region of the putative hybridization.
The broad diversity of the NPGS wild P. c'ommunis collection is evident through genetic analyses of molecular markers, but not readily apparent by morphological characterizations. Our study of 145 individual trees represents a conservative estimate of the natural diversity. Both the number and identity of alleles measured through allelic richness indicate that each genetic cluster, regardless of its size, adds measurable molecular diversity to the overall collection. Although leaves and fruits are morphologically similar, further morphological characterization of additional sibling populations will likely reveal novel phenotypic traits of interest to pear breeders. Increased sampling intensity, either by pursuing new collection trips or by sampling additional clones or seeds from previous collection trips from eastern Europe and Asia Minor, is critical to adequately evaluate natural genetic diversity of wild P. conunums.
